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Introduction {#sec001}
============

Retinal ischemia--reperfusion (I/R) injury is a well-known pathological hallmark associated with diabetic retinopathy, ophthalmic artery occlusion, retinal vessel occlusion, and acute glaucoma, all of which result in severe visual impairment and subsequent vision loss \[[@pone.0211185.ref001]\]. Two phases occur after I/R injury, first within 24 hours after I/R injury and the second over the course of several days \[[@pone.0211185.ref002]\]. The major cause of the damage during the second phase (i.e., the reperfusion period) is the initiation of the inflammatory cascade, including free-radical-mediated retinal neuronal cell degeneration, cytokine release, and leukocyte activation \[[@pone.0211185.ref002]--[@pone.0211185.ref005]\].

Currently, reperfusion injury is thought to hinge on two critical events occurring during ischemia: energy failure caused by retinal blood flow disturbance and conversion of xanthine dehydrogenase to xanthine oxidase. During reperfusion, the sudden availability of oxygen to act as a cofactor enables xanthine oxidase to convert purine substrates accumulated during ischemia to uric acid, which generates superoxide anions and H~2~O~2~ as byproducts \[[@pone.0211185.ref005]\]. Consequently, retinal I/R injury contributes to a series of retinal cell insults, including overload of reactive oxygen species (ROS) and inflammatory cytokines \[[@pone.0211185.ref006], [@pone.0211185.ref007]\], increased vascular permeability \[[@pone.0211185.ref008]\], calcium influx, apoptosis of retinal neuron cells \[[@pone.0211185.ref009], [@pone.0211185.ref010]\], and impaired retrograde neurotrophin transport \[[@pone.0211185.ref011]\].

Determination of the mechanisms underlying retinal neural cell degeneration in I/R injury may facilitate the development of a treatment to protect the tissue against oxidative stress during reperfusion. ROS-induced oxidative stress is key in the pathophysiology of I/R injury \[[@pone.0211185.ref012], [@pone.0211185.ref013]\]. ROS also induce p38 mitogen-activated protein kinase (MAPK)-mediated tumor necrotic factor production and stimulate nuclear factor (NF)-κB signaling pathway to initiate a cytokine cascade through Toll-like receptors \[[@pone.0211185.ref014], [@pone.0211185.ref015]\].

Hypercapnic acidosis (HCA) is defined as the decrease in blood pH due to an excess of CO~2~ in the blood \[[@pone.0211185.ref016], [@pone.0211185.ref017]\]. HCA can be induced by adding CO~2~ (typically 5%--15%) into the inspired gas; it has been found to have a protective effect on lung, myocardial, intestinal, liver and central nervous system ischemic injury models \[[@pone.0211185.ref018]--[@pone.0211185.ref021]\]. In addition to organ inflammation, it may influence the apoptotic process \[[@pone.0211185.ref020]\]. Because CO~2~ is highly diffusible through tissues, HCA may modulate the apoptosis pathway systemically to various organs. We hypothesized that HCA reduces retinal I/R injury-induced inflammation and apoptosis.

The heat shock protein (HSP) family has long been associated with a generalized cellular stress response. Although HSPs typically appear to be protective, HSP32 \[more commonly known as heme oxygenase (HO)-1\] has emerged as potent protectants \[[@pone.0211185.ref022]\].

This study evaluated the HCA-induced anti-inflammatory effects, antioxidative effects, and apoptosis suppression in an experimental retinal I/R injury model and verified whether the potent I/R-protective HSP32 contribute to these protective effects of HCA.

Materials and methods {#sec002}
=====================

Induction of I/R injury in an animal model {#sec003}
------------------------------------------

All animal experiments were approved by and conducted under the guidance of the Institutional Animal Care and Use Committee (accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International), National Defense Medical Center, Taipei, Taiwan (No: IACUC-15-366). All animal experiments were performed in compliance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.

Eight-week-old male Sprague Dawley rats (LASCO, Charles River Technology, Taipei, Taiwan), weighing 250--300 g, were used in this study. These rats were housed in a temperature- and humidity-controlled animal room under a 12-hour light--dark cycle and supplied food and water ad libitum. All surgical procedures for inducing I/R injury were performed under aseptic conditions. The rats were placed on a temperature-controlled heated table to prevent hypothermia due to anesthesia. General anesthesia was induced through intraperitoneal injection of a mixture of 50 mg/kg ketamine (keTAlaR, Pfizer, Hsinchu, Taiwan) and 6 mg/kg xylazine (Rompun, Bayer, Gyeonggi-Do, Korea). After a rat became unconscious, we determined the depth of anesthesia by lightly pinching one foot pad to note for the presence of a reflex response. The surgical process was not performed until weak or no reflex was noted. Corneal analgesia was administered using a drop of topical 0.5% proparacaine hydrochloride ophthalmic solution (ALCAINE, Alcon, Puurs, Belgium). Pupils were dilated using 0.5% tropicamide + 0.5% phenylephrine ophthalmic solution (Mydrin-P, Santen, Osaka, Japan). Then, the anterior chamber of the left eye was cannulated with a 30-gauge needle connected to a saline reservoir at 150 cm above the eye, leading to a high IOP of 110 mmHg. Retinal ischemia and reperfusion were confirmed by fundus whitening and retinal blood flow restoration, respectively. The control group was treated with the same procedure, but with normal ocular tension. After removing the infusion needle from the anterior chamber for 60 minutes, the IOP returned to normal. An ophthalmic solution of norfloxacin (Nofoxin, MEDICINE, Taoyuan, Taiwan) and tobramycin (Tobrex, Alcon, Puurs, Belgium) was topically applied to the surgical eye before and after the procedure. Only the left eye of the rats was used in all experiments \[[@pone.0211185.ref001], [@pone.0211185.ref023]\].

Animal group assignment and HCA setting {#sec004}
---------------------------------------

The rats were randomly divided into the following experimental groups: (1)control group, the surgical procedures for the induction of I/R injury were performed, but a saline reservoir connected to the anterior chamber cannula was kept at 30 cm above the eye; (2) HCA group, the rats received the same surgical procedures as the control group and then were exposed to HCA animal gas incubator for 1hour after surgery; (3) IR group, the rats were subjected to I/R injury; (4) HCA-IR group, the rats were exposed to HCA animal gas incubator for 1 hour before I/R injury induction; and (5) IR-HCA group, the rats were exposed to HCA animal gas incubator for 1 hour after I/R injury induction. Each group included 22 rats, of which 8 were used for the collection of aqueous humor (4 each were used for cell counting and the protein concentration assay), 4 were used for the terminal dUTP nick end labeling (TUNEL) assay, 6 were used for preparing retinal cell lysates, and the remaining 4 were used for ERG recording and histological analyses. To observe HCA effects, some rats used for ERG recording and histological analyses were sacrificed 7 days after I/R injury induction, whereas others were sacrificed 24 hours after HCA induction. The euthanasia of rats was conducted in CO~2~ chambers. After CO~2~ exposure, rats were placed in room air for 20 min to allow for possible recovery \[[@pone.0211185.ref024]\].

The gas composition of the HCA animal gas incubator settings was 5% CO~2~, 21% O~2~, and 74% N~2~. In HCA-induced rats, arterial blood gas analysis was performed in each rat under high partial CO~2~ pressure (PaCO~2~) such that pH and PaCO~2~ values were 7.2--7.4 and \>60 mmHg, respectively.

Cell count and protein concentration {#sec005}
------------------------------------

Protein concentrations and cell counts in rats' aqueous humor was measured, as described previously \[[@pone.0211185.ref025]\]. The aqueous humor was collected by puncturing the anterior chamber of the rats' eyes with a 30-gauge needle, after which the rats were immediately euthanized. For cell counting, the aqueous humor was mixed with an equal amount of trypan blue solution (Sigma-Aldrich, St. Louis, MO, USA), and one drop of the cell suspension placed on a hemocytometer. The number of cells per square (equivalent to 0.1 μL) was counted manually under a light microscope; the mean number of cells counted from five squares per sample was multiplied by two to correct for the previous dilution. Total protein concentration in rats' aqueous humor was measured using the bicinchoninic acid protein assay reagent kit (Pierce, Rockford, IL, USA).

Terminal dUTP nick end labeling assay {#sec006}
-------------------------------------

TUNEL is a particularly useful technique for studying late-stage apoptosis \[[@pone.0211185.ref026]\]. To detect whether HCA reduces I/R injury-induced apoptosis, TUNEL assay was performed on retinal cryosections by using the TUNEL Apoptosis Detection Kit, according to the manufacturer instructions (Millipore, Bedford, MA, USA). The retinal cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) to label nuclei. Images of TUNEL-positive cells were acquired through fluorescence microscopy (CKX41, Olympus Corporation, Tokyo, Japan). The number of TUNEL-positive cells was counted manually; the mean number of cells were counted from five different retina areas per sample.

Electroretinography {#sec007}
-------------------

Retinal physical functions were tested using electroretinography (ERG). The dark-adapted scotopic ERG was recorded using a recording device (UTAS-3000, LKC Technologies, Gaithersburg, MA, USA) 7 days after I/R injury induction. Before the monocular ERG, the rats were anesthetized through intraperitoneal injection of a mixture of 50 mg/kg ketamine and 6 mg/kg xylazine after 6 hours of dark adaptation. The pupils of the tested rats were dilated with 0.5% tropicamide + 0.5% phenylephrine ophthalmic solution, and a corneal anesthetic (topical 0.5% proparacaine hydrochloride ophthalmic solution) was applied. The rats were placed on a heating plate to prevent hypothermia due to anesthesia. Before a stainless-steel wire loop electrode was placed in contact with the cornea, the rats' eyes were coated with 0.2% Carbomer ophthalmic gel (Vidisic, Dr. Gerhard Mann Chem.-Pharm. Fabrik, Berlin, Germany) to maintain corneal hydration. All procedures were prepared under dim red light for ERG recordings. Stainless needle electrodes were placed subcutaneously on the temporal canthus and the rats' tail served as reference and ground electrodes, respectively. Light stimulations were produced using a full-field stimulation globe with an LED light source positioned 15 cm away from the eye. When the rats' respiration became steady, the standard combined ERG (maximal combined response, cone and rod) were measured. Standard flash intensity was 3.0 cd-s/m^2^ with a duration of 2 ms, acquisition time was 200 ms, and the bandpass of amplifiers was 0.3--500 Hz for each registration. The amplitude of the α wave was measured from the prestimulus baseline to the trough of the ERG, whereas that of the β wave was measured from the trough to the peak. The difference of cursor of α and β waves was compared between groups.

Histology {#sec008}
---------

The eyes were enucleated from the rats which were euthanized on the 7th day after the induction of I/R injury for histology and immunohistochemistry assays. The eyes were immersion-fixed in 10% buffered formalin for at least 24 hours, after which they were embedded in optimal cutting temperature compound in cryomolds and snap-frozen in liquid nitrogen. Subsequently, serial axial cryostat sections (6 μm thick) were cut using the microtome portion of the cryostat from each eye, starting at the optic nerve head. The sections were placed on a glass slide and stained with hematoxylin and eosin.

Cell culture {#sec009}
------------

The retinal neural cell line RGC-5 \[[@pone.0211185.ref027]\], obtained from the American Type Culture Collection (Manassas, VA, USA), was grown in 1 mg/mL glucose Dulbecco's modified Eagle's medium (DMEM, Invitrogen-Gibco, Grand Island, NY, USA) supplemented with 4 mM L-glutamine, 10% fetal bovine serum (Invitrogen-Gibco), 100 U/mL penicillin, and 100 μg/mL streptomycin (Sigma-Aldrich). The cells were cultured in a humidified 37°C/5% CO~2~ incubator. The culture medium was replaced twice weekly.

Induction of hypercapnia and oxidative stress {#sec010}
---------------------------------------------

RGC-5 cells were seeded at a density of 10,000 cells/well in 6-well plates and incubated in 5% CO~2~ at 37°C for 24 hours. Normocapnia comprised standard incubator atmosphere: humidified 5%CO~2~ (pCO~2~ 36 mmHg)/95% room air, at 37°C. Hypercapnia consisted of 10% CO~2~ (pCO~2~ 72 mmHg)/21%O~2~/69%N~2~. The pH value of the culture medium was maintained between 7.25 and 7.38 \[[@pone.0211185.ref028]\]. Cells were exposed to hypercapnia for 1 hour before or after induction of oxidative stress. Cells were exposed to 500 μM H~2~O~2~ in serum-free DMEM for 24 hours to induce a sustained oxidative stress in vitro. Untreated cells and cells treated with H~2~O~2~ alone were used as normal and H~2~O~2~ control, respectively.

Apoptosis assay through fluorescence-activated cell sorting {#sec011}
-----------------------------------------------------------

Flow cytometric identification was used in RGC-5 apoptosis analysis. The isolated cells were stained with fluorescein isothiocyanate-conjugated Annexin V and propidium iodide (PI) by using the Apoptosis Detection Kit (BD Biosciences Pharmingen, San Jose, CA, USA). Then, the viable cells were quantified to examine the effects of HCA induction before or after H~2~O~2~-induced oxidative stress. According to the manufacturer instructions, duplicates in each sample were run. Then confluent cultured cells were washed twice in phosphate buffer saline (PBS) and analyzed through flow cytometry on a fluorescence-activated cell sorting (FACS) flow cytometer (Becton, Dickinson, & Co., Sunnyvale, CA, USA).

Preparation of rat retinal cells lysates {#sec012}
----------------------------------------

In each group, the rats' retinas were rinsed with ice-cold PBS and carefully isolated by scraping. The detached tissues were homogenized in 50 μL of hypotonic buffer (10 mM HEPES-KCl, 1 mM β-mercaptoethanol, and 1 mM dithiothreitol) and then incubated on ice for 10 minutes. Subsequently, the homogenate was vortexed for 10 seconds and then centrifuged at 1000 rpm and the supernatant was discarded. The pellet was resuspended in 100 μL of lysis buffer \[50 mM Tris-HCl (pH 7.5), 2% sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulfonyl fluoride, and 10 μL/mL protease inhibitors\], and incubated on ice for 10 minutes. The insoluble debris of rat retina lysates were removed by centrifugation at 12,000g for 15 minutes at 4°C.

Preparation of RGC-5 cell lysates {#sec013}
---------------------------------

First, the cell culture dish was placed on ice, and the cells were washed with ice-cold PBS. The PBS was aspirated; then, ice-cold lysis buffer \[50 mM Tris-HCl (pH 7.5), 2% SDS, and 1 mM phenylmethyl sulfonyl fluoride\] was added. Adherent cells were scraped off the dish using a cold plastic cell scraper, and then, the cell suspension was gently transferred into a precooled microfuge tube. Constant agitation was maintained for 30 minutes at 4°C. The suspension was centrifuged at 12,000g in a microcentrifuge at 4°C for 15 minutes. The tubes were gently removed from the centrifuge and placed on ice. The supernatant was aspirated and placed in a fresh tube kept on ice, and the pellet was discarded.

Western blot {#sec014}
------------

The total protein concentration of rat retina lysates,RGC-5 cell lysates, and nuclear extracts was measured using the bicinchoninic acid protein assay (Pierce), with bovine serum albumin as the standard. Equal amounts of the homogenates (20 μg of lysate) were resolved with one-dimensional 10% SDS polyacrylamide gel, separated electrophoretically, and transferred to a polyvinylidene difluoride membrane (Immobilon, Millipore). The membranes were blocked with 5% (wt/vol) milk in Tris-buffered saline (50 mM Tris-HCl, pH 7.4, and 150 mM NaCl) containing 0.05% Tween-20 for 1 hour at room temperature on a shaking table. The blots were incubated overnight at 4°C with primary antibodies directed against p38, which was purchased from BD PharMingen (San Diego, CA, USA). Antibodies against phosphorylated p38, caspase3, and cleaved caspase3 were obtained from Cell Signaling Technology (Beverly, MA, USA). Phosphorylated IκB-α and IκB-α antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA); the membranes were washed and blotted with horseradish peroxidase-conjugated secondary antibody (1:1000; Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1 hour at room temperature. The proteins were visualized on X-ray films using the standard enhanced chemiluminescence procedure, and the mean protein levels were determined densitometrically with ImageJ (version 1.46a; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA).

Measurement of HO-1 activity {#sec015}
----------------------------

The activity of HO in bulbal tissue was measured by the rate of appearance of bilirubin \[[@pone.0211185.ref029]\]. In brief, cellular extracts were added to the reaction mixture containing 2 mM glucose-6-phosphate, 0.2 U/ml glucose-6-phosphate dehydrogenase, 0.8 mM NADPH, 20 μM hemin, 2 mg of rat liver cytosol (source of biliverdin reductase), 2 mM MgCl~2~, 50 mM Tris-HCl, and pH 7.4. The mixtures (total volume: 1 ml) were incubated at 37°C for 60 minutes in the dark and then placed on ice to terminate the reaction. Bilirubin was extracted with chloroform, and bilirubin production was calculated as the difference between the absorbance at 464 nm and 530 nm (extinction coefficient for bilirubin: 40 mM^−1^ cm^−1^). HO activity was reported as picomoles of bilirubin formed per milligram of protein per hour. Differences of two activity measurements in two different samples with or without rat liver cytosol but from the same tissue type may be attributed to HO-1 activity because HO-2 is noninducible and constitutive.

Statistical analysis {#sec016}
--------------------

Descriptive statistics is expressed as mean ± standard error of the mean (SEM). The differences between the groups were analyzed by the χ^2^ test or Student's *t* test, as appropriate. One-way analysis of variance was used for comparisons involving three or more group means. All statistical assessments were two-sided and evaluated at a significance level of 0.05. Statistical analyses were performed with the SPSS (version 18.0; SPSS, Chicago, IL, USA).

Results {#sec017}
=======

HCA reduced I/R-induced cellular infiltration and protein concentration in aqueous humor {#sec018}
----------------------------------------------------------------------------------------

Inflammation in the anterior chamber of the eye increases the number of cells and protein concentration of the aqueous humor \[[@pone.0211185.ref030]\]. To examine HCA efficacy in attenuating inflammatory reaction in the rats subjected to I/R injury, we investigated the cell number and protein concentration changes in the anterior segment of the eye. In the IR group, obvious inflammatory reaction was observed; moreover, anterior chamber transparency improved in the HCA-IR and IR-HCA groups. Consistent with the expectation, the HCA induction attenuated the I/R injury-induced inflammation in the anterior segment of the eye. As shown in [Fig 1A](#pone.0211185.g001){ref-type="fig"}, the number of infiltrated cells in the aqueous humor of the IR group was significantly increased \[(132.5 ± 7.5) × 10^4^/mL; P \< 0.001\] compared with the control and HCA groups. In the HCA-IR and IR-HCA groups, the infiltrated cells in aqueous humor significantly decreased \[P \< 0.01 and P \< 0.001, respectively; (56.67 ± 16.14) and (38.75 ± 15.02) × 10^4^/mL, respectively\], compared with those in the IR group. The protein concentration in the aqueous humor was significantly higher in the IR group (9.19 ± 1.64 mg/mL; P \< 0.001) than in the control and HCA groups. Compared with the IR group, the IR-HCA group attenuated the protein concentration increase in the aqueous humor (5.94 ± 0.31 mg/mL; P \< 0.05; [Fig 1B](#pone.0211185.g001){ref-type="fig"}). These findings suggest that HCA induction after I/R injury has anti-inflammatory effects in vivo.

![Numbers of cells (A) and protein concentrations (B) in the aqueous humor. The results are the mean ± SEM of three independent experiments. \*\*\*P \< 0.001 versus control group, \*\*P \< 0.01 versus control group; \#\#\#P \< 0.001, \#\#P \< 0.01, \#P \< 0.05 versus IR group.](pone.0211185.g001){#pone.0211185.g001}

HCA protected against I/R-induced retinal thinning and dysfunction in vivo {#sec019}
--------------------------------------------------------------------------

In the rats, retinal histopathological change and retinal function were examined after 7 days of I/R injury induction. Photomicrographs of the retina in the five groups are illustrated in [Fig 2A](#pone.0211185.g002){ref-type="fig"}. The retinal thickness in the IR group was significantly lower than that in the control and HCA groups. The mean retinal thickness in the IR-HCA group was significantly thicker than that in the IR group ([Fig 2C](#pone.0211185.g002){ref-type="fig"}).

![(A) Hematoxylin and eosin staining of the retinas. Representative photomicrographs showing the histologic appearance of retinas in the five groups. Significant decrease in the mean retinal thickness is visible in the IR group. (B) Representative ERG waveforms from the five groups. I/R injury significantly reduced the the α and β wave amplitudes. (C)Whole retinas were significantly thicker in the IR-HCA group than in the IR group. (D) ERG revealed significant recovery in the difference of cursor of α and β waves in the IR-HCA group. The results are mean ± SEM of three independent experiments. \*\*\*P \< 0.001, \*P \< 0.05 versus control group; \#\#\#P \< 0.001, \#P \< 0.05 versus IR group.](pone.0211185.g002){#pone.0211185.g002}

The retinal function was evaluated by ERG in all groups ([Fig 2B](#pone.0211185.g002){ref-type="fig"}). In the control and HCA group, a typical dark-adapted scotopic ERG was observed. In the IR group, retinal ischemia contributed to a substantial decrease in α- and β-wave amplitudes. The difference in the cursor of α and β waves was significantly lower in the IR group (61.90 ± 5.66 μV) than in the control group (396.7 ± 12.98 μV; P \< 0.001). A significant recovery in this difference was noted in the IR-HCA group (379.0±19.05 μV). HCA application reversed the amplitude reduction elicited by retinal ischemia 7 days of I/R injury induction, particularly in the IR-HCA group.

HCA reduced retinal cell apoptosis {#sec020}
----------------------------------

Photomicrographs of TUNEL-positive cells in the retina of the rats in the five groups 24 hours after I/R injury are presented in [Fig 3A](#pone.0211185.g003){ref-type="fig"}. The number of TUNEL-positive cells was 39.67 ± 4.84/mm^2^, 14.00 ± 4.58/mm^2^, and 12.33 ± 4.49/mm^2^ in the IR, HCA-IR, and IR-HCA groups, respectively. The number of TUNEL-positive cells increased after I/R injury, but it was significantly lower in both IR-HCA and HCA-IR groups. Thus, retinal neural cell apoptosis triggered by I/R injury can be prevented through HCA induction.

![(A) Colocalization in TUNEL (apoptosis, green) and 4′,6-diamidino-2-phenylindole (DAPI; nuclei, blue).(B)Number of TUNEL-positive cells significantly decreased in both IR-HCA and HCA-IR groups. (C and D) Effects of HCA on the expression of the caspase-3 in the five groups. The results are mean ± SEM of three independent experiments. \*\*\*P \< 0.001, \*\*P \< 0.01 versus control group; \#\#\#P \< 0.001, \#\#P \< 0.01, \#P \< 0.05 versus IR group.](pone.0211185.g003){#pone.0211185.g003}

The zymogen caspase-3 remains inactive until cleaved by an initiator caspase after apoptotic signaling events have occurred. In the current study, the ratio of cleaved caspase-3/total caspase-3 was considered an apoptosis marker \[[@pone.0211185.ref031]\]. This ratio was considerably higher in the IR and HCA-IR groups than in the control and IR-HCA groups ([Fig 3C and 3D](#pone.0211185.g003){ref-type="fig"}).

HCA increased cell survival and inhibited oxidative stress-induced RGC-5 cell apoptosis {#sec021}
---------------------------------------------------------------------------------------

Reperfusion injury is associated with the formation of toxic ROS, including superoxide O~2~^−^, OH radicals, HOCl, H~2~O~2~, and nitric oxide-derived peroxynitrite \[[@pone.0211185.ref005]\]. An in vitro H~2~O~2~-induced apoptosis model was used to explore the effect of the oxidative stress of ROS induced by I/R injury. The RGC-5cells were treated with H~2~O~2~ (500 μM) for 60 minutes, and cell viability was measured through FACS flow cytometry ([Fig 4A](#pone.0211185.g004){ref-type="fig"}). As shown in [Fig 4A](#pone.0211185.g004){ref-type="fig"}, the apoptosis rates of the H~2~O~2~-treated and control groups were 35.0% and 9.1%, respectively. Before and after HCA induction, the apoptosis rates decreased to 26.6%and 13.6%, respectively, implying that HCA induction had a protective effect against ROS-induced apoptosis.

![(A) Annexin V/PI flow cytometry of RGC-5cells in the five groups. The upper right quadrants (Annexin V+/PI+) represent apoptotic/necrotic cells, and the lower right quadrants (Annexin V+/PI−) represent early apoptotic cells.(B and C) Ratio of cleaved caspase-3/total caspase-3 was markedly increased by H~2~O~2~ compared with the control and post groups. The results are mean ± SEM of three independent experiments. \*\*\*P \< 0.001 versus control group; \#\#\#P \< 0.001 versus H~2~O~2~ group.](pone.0211185.g004){#pone.0211185.g004}

There was a significant increase of the ratio of cleaved caspase-3/caspase-3 in H~2~O~2~ groups compared with the control and post groups ([Fig 4B and 4C](#pone.0211185.g004){ref-type="fig"}).These findings revealed that HCA induction after H~2~O~2~ exposure had a protective effect against the H~2~O~2~-induced oxidative stress of RGC-5 cell apoptosis. In addition, studies have reported that apoptosis is induced by intracellular Ca^2+^ overloading through the opening of the mitochondrial permeability transition pore and ROS overproduction during reperfusion \[[@pone.0211185.ref032]\]. We provided evidence that HCA can reduce ROS generation and intracellular calcium release in vitro ([S1 Fig](#pone.0211185.s001){ref-type="supplementary-material"}). Taken together, these findings indicate that HCA induction after H~2~O~2~ exposure improved cell survival and reduced apoptosis by reducing ROS formation and ROS-associated calcium release in RGC-5 cells.

HCA downregulated NF-κB and MAPK signals in vitro and in vivo {#sec022}
-------------------------------------------------------------

I/R injury are also characterized by changes in the activity of intracellular signaling molecules. Several studies have shown that the anti-inflammatory effect of HCA is associated with the attenuation of NF-κB signaling \[[@pone.0211185.ref033], [@pone.0211185.ref034]\]. In our results, the ratios of phosphorylated IκB (pIκB) to IκB was used to represent the NF-κB signaling in ROS-induced RGC-5 damage or Sprague Dawley rats with I/R injury \[[@pone.0211185.ref035]\]. In vitro, the pIκB/IκB ratios significantly decreased in both pre and post groups compared with the H~2~O~2~ group ([Fig 5A and 5B](#pone.0211185.g005){ref-type="fig"}). In vivo, the pIκB/IκB ratio was significantly decreased in both HCA-IR and IR-HCA groups compared with the IR group ([Fig 5E and 5F](#pone.0211185.g005){ref-type="fig"}). Moreover, preconditioning with HCA was less effective than was applying HCA after injury in vivo and in vitro.

![(A) Representative Western blots for the effects of HCA induction on the in vitro IκB expression in the five groups. (B) Effects of HCA induction on the IκB (pIκB/IκB ratio) in the five groups in vitro. (C and D) Activation of P38MAPK pathways in the five groups in vitro. The results are mean ± SEM of three independent experiments. \*\*\*P \< 0.001 versus control group; \#\#\#P \< 0.001, \#\# P\<0.01 versus H~2~O~2~ group. (E) Representative Western blots for the effects of HCA induction on the expression of IκB in the five groups in vivo. (F) Effects of HCA on the IκB (pIκB/IκB ratio) in the five groups in vivo. (G and H) Activation of p38 MAPK in the five groups in vivo. The results are mean ± SEM of three independent experiments. \*\*\*P \< 0.001,\*\*P \< 0.01,\*P \< 0.05 versus control group; \#\#P \< 0.01, \#P \< 0.05 versus IR group.](pone.0211185.g005){#pone.0211185.g005}

In various cell and organ systems, p38 MAPK activity increases on reperfusion \[[@pone.0211185.ref014], [@pone.0211185.ref036]\]. We further examined whether P38 MAPK signaling affects ROS damage in vitro and I/R injury in vivo. In vitro, treatment with HCA in the post groups significantly blocked the H~2~O~2~-induced phosphorylation of p38 MAPK ([Fig 5C and 5D](#pone.0211185.g005){ref-type="fig"}). In vivo, treatment with HCA after I/R injury significantly inhibited the phosphorylation of p38 MAPK ([Fig 5G and 5H](#pone.0211185.g005){ref-type="fig"}). Taken together, our findings indicated that HCA induction after I/R injury in vivo or after ROS damage in vitro can inhibit P38 MAPK signals and attenuate NF-κB activation.

HCA enhanced the upregulation of HSP32 activity {#sec023}
-----------------------------------------------

When subjected to stress, a group of HSPs that play an important role in cell protection is induced by the affected cells \[[@pone.0211185.ref037]\]. These proteins provide protection against subsequent insults \[[@pone.0211185.ref038], [@pone.0211185.ref039]\]. Overexpression of HSP32, the inducible form of HO, has been shown to protect cells from I/R injury \[[@pone.0211185.ref022], [@pone.0211185.ref040]\]. We investigated whether their expression affects ROS damage in I/R injury. HSP32 expression was detected by measuring its activity; it was significantly increased in the HCA and IR-HCA groups ([Fig 6](#pone.0211185.g006){ref-type="fig"}).

![HSP32 expression was detected by measure protein activity.\
The results are mean ± SEM of three independent experiments. \*\*P \< 0.01 versus control group; \#\#P \< 0.01 versus IR group.](pone.0211185.g006){#pone.0211185.g006}

Discussion {#sec024}
==========

To the best of our knowledge, the protective effects of HCA on retinal I/R injury and the underlying mechanisms have not been investigated. Various ocular diseases, including diabetic retinopathy, ophthalmic artery occlusion, central retinal artery occlusion, and acute angle-closure glaucoma, are associated with retinal I/R injury. Here, we investigated the in vivo effects of HCA induction in an artificially produced I/R-induced retinal damage model. The rat retinal I/R injury model mimics acute glaucoma and is a well-known animal model for studying retinal cell damage after ischemic insult \[[@pone.0211185.ref041]\]. We found that HCA induction provided protection against ROS production as well as retinal cell apoptosis and inflammation after I/R injury. Moreover, in the experimental model of I/R injury, HCA induction not only alleviated anterior chamber inflammation, thereby attenuating the reduction of retinal thickness, but also preserved retinal function to restore the ERG response to near-normal. In addition, our study indicated that HCA induction suppressed inflammation by the downregulation of NF-κB signaling in vitro and in vivo. This protective potential of HCA has been shown in various experimental models: Nardelli et al. indicated that HCA decreased lung and kidney cell apoptosis \[[@pone.0211185.ref042]\], and Masterson et al. observed that HCA reduced inflammation and lung injury in vivo and reduced NF-κB activation predominantly by inhibiting the activation and intrinsic activity of IκB kinase-β \[[@pone.0211185.ref033]\]. Our study is the first to demonstrate that HCA induction after I/R injury can provide retinal protection in a well-known animal model.

Substantial evidence has implicated ROS formation as a key pathogenic event in retinal I/R injury \[[@pone.0211185.ref005], [@pone.0211185.ref043]\]. To investigate the mechanism of protective effect of HCA induction, we subjected the retinal neural cell line RGC-5 to oxidative stress in vitro. In our study, HCA induction after H~2~O~2~ exposure could improve cell survival and reduce apoptosis by preventing intracellular calcium release and ROS overproduction in RGC-5 cells ([S1 Fig](#pone.0211185.s001){ref-type="supplementary-material"}). ROS act as second messengers in intracellular signaling cascades that control cell growth, proliferation, migration, and apoptosis \[[@pone.0211185.ref044]\]. Numerous cellular stimuli induce ROS production or activate MAPK pathways, but the exact underlying pathophysiological mechanisms remain unknown \[[@pone.0211185.ref045], [@pone.0211185.ref046]\]. H~2~O~2~ activates MAPK pathways via the activation of growth factor receptors in several cell types \[[@pone.0211185.ref047]\]. Consistent with this finding, in the present study, P38 MAPK pathways were activated in the H~2~O~2~-treated RGC-5 cells and rat retinas after I/R injury. Notably, HCA blocked the phosphorylation of p38 MAPK both in vivo and in vitro, implying that HCA can downregulate H~2~O~2~ or I/R injury-induced MAPK pathway activation.

In summary, we provide convincing evidence to suggest that HCA induction contributes to protection against retinal cell apoptosis and ocular inflammation; it also attenuated retinal thinning and preserved retinal function after I/R injury. Furthermore, HCA induction after H~2~O~2~ exposure showed consistent protection effects in RGC-5 cells. The protective effect of HCA may derive from its role in suppressing ROS overproduction and inhibiting NF-κB activation, which thus reduce proinflammatory cytokine expression \[[@pone.0211185.ref022], [@pone.0211185.ref033], [@pone.0211185.ref034]\]. In our study, HCA induction reduced the pIκB/IκB ratio both before and after injury in the I/R injury model and in RGC-5 cells. Preconditioning with HCA was less effective compared with postconditioning ([Fig 5](#pone.0211185.g005){ref-type="fig"}). Preconditioning modestly reduced the pIκB/IκB ratio but did not alter the effect of cell survival. Masterson et al. demonstrated that HCA directly reduces the kinase activity of the IKK complex and reduces IKK-mediated phosphoinactivation of IκBα \[[@pone.0211185.ref033]\]. Thus, the inhibition of the IKK--IκBα interaction is a key mechanism by which HCA suppresses canonical NF-κB activation in response to stimuli. Takeshita et al. demonstrated that isocapnic acidosis as well as buffered hypercapnia attenuated endotoxin-induced canonical NF-κB activation by suppressing IκBα degradation, although the degree of inhibition caused by isocapnic acidosis or buffered hypercapnia was smaller than that observed for HCA \[[@pone.0211185.ref034]\]. However, NF-κB signaling is complex; molecular mechanisms underlying the beneficial effects of HCA and the relative contribution of elevated CO~2~ levels or associated acidosis to this response remain poorly understood. We examined the effect of HCA on the retinal I/R injury in the presence and absence of NF-κB inhibition.

Retinal I/R injury comprises a self-reinforcing destructive cascade involving neuronal depolarization, calcium influx, and oxidative stress initiated by energy failure and increased glutamatergic stimulation \[[@pone.0211185.ref048]\]. During I/R, superoxide production rapidly and continually increases with the induction of global ischemia \[[@pone.0211185.ref049]\]. Regarding oxidative stress, disturbances in the antioxidant defense system have been demonstrated in I/R injury. Considerable evidence has implicated that eliminating ROS has a therapeutic benefit \[[@pone.0211185.ref022], [@pone.0211185.ref050]--[@pone.0211185.ref052]\]. In our previous study, we explored the protective effects of glucosamine (GlcN) in retinal I/R injury. GlcN contributes to protection from ROS overproduction through the modulation of protein O-linked N-acetylglucosamine (O-GlcNAc) glycosylation. GlcN could increase the O-GlcNAc level; increased cellular O-GlcNAc levels are cytoprotective. The posttranslational attachment of O-GlcNAc to serine and threonine residues of nuclear and cytoplasmic proteins is recognized as a key regulator of diverse cellular processes \[[@pone.0211185.ref053]\].

Li et al. indicated that HSP32 overexpression augments HCA protective effects in retinal I/R injury \[[@pone.0211185.ref040]\]. Here, our results demonstrated that HCA induction upregulates HSP32 activity to modulate superoxide production after I/R injury but does not increase the O-GlcNAc level. In contrast to large HSPs, HSP32 act through ATP-independent mechanisms. We noted that HCA induction, which .attenuated inflammatory responses by inhibiting ROS formation and reducing NF-κB signaling pathway activation, could enhance the upregulation of HSP32 activity which had an antioxidant effect. These results are consistent with those of a study that found that HCA induction upregulated HSP32 activity and ameliorated I/R injury in the lungs \[[@pone.0211185.ref022]\]. Although the interactions between HSP32 activity and retinal cell function are complicated and remain unclear, these pathways might be critical in cell function and survival.

In conclusion, HCA induction significantly reduced the damage caused by retinal I/R injury in the Sprague Dawley rat model and alleviated oxidative stress injury in the retinal neural cell line RGC-5. In these models, HCA induction had several protective effects: antiapoptotic, anti-inflammatory, and antioxidative. Our findings indicate HSP32 is vital in the retinal protection by HCA. HCA may be a potential agent for retinal protection from ischemic retinal diseases, such as diabetic retinopathy, glaucoma, and other vascular-related retinopathies.
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